Quality of machined surface is affected by quality of cutting process. There are many parameters, which influence on the quality of the cutting process. The cutting temperature is one of most important parameters that influence the tool life and the quality of machined surfaces. Its identification and determination is key objective in specialized machining processes such as dry machining of hard-to-machine materials. It is well known that maximum temperature is obtained in the tool rake face at the vicinity of the cutting edge. A moderate level of cutting edge temperature and a low thermal shock reduce the tool wear phenomena, and a low temperature gradient in the machined sublayer reduces the risk of high tensile residual stresses. The thermocouple method was used to measure the temperature directly in the cutting zone. An original thermocouple was specially developed for measuring of temperature in the cutting zone, surface and subsurface layers of machined surface. This paper deals with identification of temperature and temperature gradient during dry peripheral milling of Inconel 718. The measurements were used to identification the temperature gradients and to reconstruct the thermal distribution in cutting zone with various cutting conditions.
INTRODUCTION
Inconel 718 is a nickel-based superalloy (according to standard AMS 5597), which is usually used in aerospace, aviation and energetic industry for design parts with high mechanical load and high operating temperature. Inconel 718 is one of materials which is known as hard-to-machine materials due to high-temperature properties (such as heat resistance), low conductivity and increased ductility and strength.
[1] Low ability of machining of given material has a great impact on high intensity of wear of cutting edge and deterioration of surface quality. Machined surface is significantly affected primarily by heat and plastic deformation. Especially, generated heat changes the micro-structure of alloy in surface layers, and induces the residual stress with tensile character and activates the mechanisms of wear of cutting tool.
[2] Low heat conductivity of Inconel 718 leads to high temperatures in cutting zone during machining.
Analysis of temperature in cutting zone when machining of Inconel 718 has been addressed by some studies in past, especially in turning technology, where was occurred some deviations of temperatures in cutting zone measured by researchers, dependent on cutting conditions and temperature is higher about 50°C than in used measuring method. Narutaki and his colleagues [3] performed the high-speed experiments when turning up to cutting speed 500m.min -1 (applied process liquid) with ceramic cutting tool. In the experiment, there was applied thermocouple for detection of temperatures on the cutting edge of cutting tool. Thermocouple was made from machined material and wire with 20 μm diameter isolated by ceramic capillary and inserted into the cutting edge of cutting tool. The join of thermocouple was placed through the cutting tool on the flank and on the rake face. Outgoing chip which is sliding on the rake face of cutting tool, destroys the isolation and so creates the contact between wire and exposed place on the face of cutting tool. At cutting speed between 400 and 500 m.min -1 was measured the temperature between 1250 and 1300°C on the rake face of cutting edge. This temperature, on the rake face of cutting tool is 50 -70°C higher than on flank of cutting tool. These high values of cutting temperature was confirmed by El Wardany et al. [4] . Mentioned authors measured the temperature in the place of cut used by standard thermocouple (type K) with 0,12mm diameter. Join of thermocouple was welded in the counter bore, which was placed on the rake face of cutting tool (approximately 0.6mm from the cutting edge). To determine the relations between the temperature on the cutting edge and measured temperature in the place of thermocouple, there was the rake face of cutting tool heated to a known temperature. Measured data from both places was graphically compared and define relation between known temperature and measured temperature. [5] Maximum temperature 1100°C on the cutting edge was measured at high speed and feed. Kitagawa et al [6] measured the temperature between 900 and 1300°C at cutting speeds from 30 up to 300m.min -1 . These temperatures in cutting zone was measured in experiments with ceramic cutting tools and similar thermocouple method like Narutaki's method. Coelho et al [7] measured the temperature of surface of cutting insert during the highspeed turning. During the whole cutting process, there were measured continuous increase of temperature on the rake face due to intensive and continuous wear. In these experiments, the heat conductivity of cutting tool and coating can considerably change the measured temperature. [8] Increase of the temperature on the rake face was less than 100°C with ceramic cutting tools and 200 -300°C with CBN cutting tools, but measurements were made far from the cutting edge (1.5mm). As it showed by El Wardany et al. [4] , maximum temperature in the cutting zone is usually in the proximity of cutting edge and temperature gradients are very steep. Courbon et al [9] made the experiments of turning of Inconel 718 alloy by sintered carbide and PVD coating TiAlN (at cutting speed 50m.min -1 ). Temperature on the rake face was measured by built-in thermocouple under the rake face of cutting insert (0.4mm from cutting edge). [10] Depending on cutting conditions, they measured the temperature about 130°C (with high-pressured oil process liquid) and about 400°C (without process liquid).
Measuring of temperature in cutting zone during the milling processes is more complicated due to the nature of process itself. Cutting tool is rotating with high frequency, cutting activity is non-continuous (against turning) and so, the cutting tool is dynamically loaded and subjects to influence of heating and cooling during the intermittent cutting process [11] There were created many techniques for measuring of temperature when milling. Lin [12] and Ming et al. [13] measured the temperature by monitoring of near surface by infrared thermographic camera. [14] This method doesn't allow to measure the heating and cooling process, because measuring facilities are out from the cutting zone. Nevertheless, Ueda et al [15] estimated the heating cycle on flank of cutting tool when milling. Technology consists from optical fiber inserted to miniature hole on the outer surface and joined to the infrared pyrometer. Other fibers were placed around the cutting tool and so measured the temperature in various intervals after milling. In last time, Sato et al [16] could evaluate heating cycle of rake face of cutting tool by pyrometer and optic fiber inserted to the rotating tool. [17] With regard to finishing milling, there were only few studies dealing with temperature measurement. Ng et al [18] estimated the temperature of milling by thermocouple inserted to the workpiece. Thermocouple type K with 0.3 diameter was implanted to micro-hole with 0.4 diameter joined and isolated from workpiece by ceramic capillary. Temperatures were measured under the surface at cutting speed 90m.min -1 . Le Coz and D. Dzunski [19] developed the method of measuring when milling based on thermocouple method with two configurations. First configuration allows to measure the subsurface temperature (0.5 mm under the surface). Second configuration allows to measure the temperature on machined surface and so to allow the determine the temperature development on cutting edge of cutting tool. [20, 21] Due to low thermal diffusion and high strength, the cutting process of Inconel 718 causes the high values of temperature in cutting zone. This fact is showed in high temperature gradient from new generated surface on the subsurface. Target of this experimental work was to evaluate this temperature gradient in workpiece and measure the temperature on cutting edge during the milling of nickel alloy Inconel 718. Based on thermocouple method, there was designed experimental solution. Given system consisted from implementation of semi-synthetic thermocouple in workpiece and non-parallel orientation from feed direction of cutting tool. This solution allows to measure the temperature in cutting zone on single points of contact of thermocouple and on cutting edge S through the r and secondary cutting edge S´. Impact of cutting conditions of temperature during the milling was analysed and discussed.
METHOD OF EXPERIMENTS
Measurement of temperatures during machining is very important because except mechanical load, the thermal one impacts the wear too. Temperature rise is given by transformation mechanical work into the heat. Temperature in the cutting zone influences the accuracy of machined parts and quality of machined surfaces. Too high temperatures in the cutting zone can lead to tensile residual stresses and structural changes in the machined surfaces. Workpiece, tool and chip are warm up because of heat in the cutting zone, but thermal field is not homogeneous. An arithmetical average of temperatures of chip, workpiece and tool gives middle temperature. The temperature of workpiece-tool contact is named cutting temperature new progressive cutting tools based on this special ceramic allow to design monolithic tools for high productive (high-speed or high-feed) machining. In next section, there is described identification of machining of nickel alloys by monolithic ceramic tools.
It is necessary to deals with thermal aspects of machining process first of all experimental measurement of cutting temperatures (temperature of workpiece-tool contact). The various temperatures of various position in the cutting zone correspondent with distribution of heat sources. [10] It is well known that temperature rises with rising deformation of machined material and reach the maximum in the point where the machined material leaves the zone of the primary plastic deformation [3] . Temperatures of workpiece-tool and chip-tool contacts can increase because of friction. It is well-known assumption that the maximum temperature is on the face of a tool. Thermal field in machining is not steady in the whole time period and can be assumed being steady only during certain time interval. One of the possible technique is application of thermocouple in opposite direction of cutting tool movement as can be shown in fig.1a ..
Temperature falls down with increasing distance from the surface and this relationship is described by exponential equation. The temperature rises with decreasing distance to thermocouple junction, but in the certain point (given by radial component of cutting force) falls down because of plastic deformation in the place of the hole when the thermocouple setting according to fig.1b . [4] . Heating of ground surface is given by cutting action of grains first of all and so decreasing of temperature higher mentioned is caused decreasing of cutting depth because of plastic deformation. Application of thermocouple in the hole with the cone bottom partly eliminates this phenomenon. This methodology is good enough to measure temperatures when grinding hardened steels, but can be unsatisfactory when grinding tough materials.
Figure 2. Movement of hot junction to the nose because of the tool feed
Very often it is necessary to use different technique not only for grinding, but for milling and drilling too to measure cutting temperatures. Increasing cutting speed of the developed cutting materials, increasing requirements concerning resistance against thermal and mechanical impacts (interrupted cut when milling) is one of the main reasons.
On the base of higher mentioned the temperature of workpiece-tool contact was measured through the Peklenik [10] thermocouple technique improved by Wager and Gu [7] . There is mica isolation between a thin conductor and workpiece. Cutting edge creates hot junction between a workpiece and conductor fig.1c .
Experiments were made on high-speed machining centre Roeders RP600. Samples was mounted on piezoelectric dynamometer Kistler 9255B for measurement of cutting forces during the process. Signal was amplified by Kistler 5010 Dual Mode Amplifier and recorded by multichannel device Advantech 518HG.
Material of samples a solution-treated and aged Inconel 718 alloy with 39HRC hardness and following standard chemical composition: 53% Ni, 0,06 % C, 20% Cr, 0,95% Ti , 5,2% Nb + Ta, 0,,52% Al, 2,85% Mo, 0,31% Si a 0,95 % Co. Mechanical properties at room temperature: thermal conductivity k = 11,4 W.m -1 .K -1 , density ρ = 9190 kg.m -3 a thermal capacity c = 435 J.kg -1 .K -1 . Samples were as prisms with dimensions of 100x30mm, specially prepared for integration of thermocouple. Width of samples originally 60mm and after each cutting experiment was decreased by radial cutting depth ap. Maximal stroke of cutting tool is ae = 25mm and tool diameter Dc = 25 mm. There was used the milling tool with three cutting edge R390-025B25-11L with cutting inserts R390-11T308M-KL (rε 0,8 mm). Cutting inserts was improved by PVD TiAlN coating (grade GC1030). Given cutting material, based on sintered carbide was development for milling operations at medium cutting speeds for refractory superalloys. Cutting conditions were set with following values: cutting speed vc = 50, 75 and 100 m.min -1 (usually used values for carbides tools), cuttgin feed fz = 0.05mm, cutting depth ap = 2 mm a and ae = 25 mm.
TEMPERATURE MEASUREMENT DEVICES
Temperatures induced by cutting process were measured at various cutting conditions by thermocouple in the cutting zone. The signals were recorded by multichannel device for temperature data acquisition based on the measuring of changes of electrical microvoltage Advantech 818HG. Semi-synthetic thermocouple was designed and calibrated as a type K, consisted from the Chromel wire (90% Ni and 10% Cr) which was replaced by machined material Inconel 718 (53% Ni, 20% Cr, 5,2% Nb + Ta, 2,85% Mo, 0,52% Al) and second wire Alumel (95% Ni, 2% Mg, 2% Al and 1% Si). The thermocouple was created from improved wire with 0,15mm of uniform width and inserted between insulating sheets of mica with 0,05 of width. Temperature range was −270 to 1,372 °C with a standard error from 0.75 to 2.2 %.
Figure 3. The time-course of temperature in cutting zone and all components of force of cutting (processed by FlexPro software)
Typical signals of the normal cutting force (along the xdirection) and of the measured temperature during a milling test for the cutting speed of 75m.min -1 are shown in Fig. 3 . The entry of the cutting tool into the workpiece is observed with the signal of the force of cutting in three components: Fc -cutting force, Ff -feed force and Fpnormal force, where the thermocouple junction is then at room temperature. The temperature signal increases rapidly at time=6.5s and reaches the maximum value at time t=12s, when the cutting tool is in front of the thermocouple. Slight decreases in the cutting forces was observed when the cutting tool was for a longer time at the observed place. After this temperature peak, the measured temperature was gradually decreased with tendency to approach the ambient temperature, which was reached after finishing of cutting process. The thermocouple contact was realized by the action of the cutting edge and it was consisted of two different materials to create a standardized and calibrated combination of K-type thermocouples isolated from workpiece by using of mica. Thermocouple was inserted into the workpiece, along the entire groove with a width of 0.15mm. During the experimental process, in a moment of cutting the wire by cutting edge of cutting tool, there arises contact between the both materials a joint of thermocouple type K is formed, as it is shown in Fig. 4 . This joint of thermocouple allows to measure the temperature on the cutting edge of cutting tool and on the workpiece. The cutting tool progressed linearly in the direction of feed fz and this procedure was repeated as long as the tool cutting edges met the conductor, generating a succession of hot junctions (intermediate hot junctions Jint) and this, until the last intersection corresponding to the final junction Jend. The number of created hot junctions depended on depth of cut ap, and the feed per tooth fz. The thermocouple measures the cycle of heating and cooling of workpiece in contact with cutting tool for various angle positions of cutting edge gradually from zero of cutting depth ap, through the radius re and auxiliary cutting edge S' and so for various points of contact between cutting tool and workpiece (Fig 2) In the Fig. 4, between transitions of cutting edge (or  two joints) , the temperature of workpiece icreases from 205°C up to approximately 295°C and decreases on 252°C. The temperature peak (temperature in creation of thermocouple joint) corresponds to 588°C, which is temperature on the surface of cutting edge and workpiece and it can be considered as the temperature of cutting edge. This is the assumption given in the following text. Based on this analyse of the measurement, it is possible to reconstructed heat loading of cutting edge during the contact with thermocouple joints, which is explained in the Fig. 7 and 8. 
RESULTS OF EXPERIMENTS AND DISCUSSION
Results obtained by methods mentioned in previous text are shown in Fig. 7 and 8 . Complex results were established for three cutting speeds. It is assumed that the peak temperatures (Figs. 5 and 6 ) correspond to the temperature at the workpiece-cutting edge interface and may therefore be considered as the temperatures of the cutting edge. At lower cutting speed (50m.min -1 ), the maximum temperature is about 490°C. Increasing of cutting speed causes the increasing of this maximum. Maximum temperature measured by thermocouple in surface layer is 588°C at cutting speed 75m.min -1 and slightly rises with depth of cutting up to 680°C. At the cutting speed 100m.min -1 , the maximum temperature of 950°C was measured. Same increasing of cutting speed causes the slope of the temperature rise. At low speeds and so low cutting speed, generated heat diffuses longer into the workpiece and subsurface temperature is very close to the temperature of machined surface. When the cutting speed increases, the feed speed also is increased and so there is ensured constant feed per tooth. In the cutting zone, the heat flow is faster and exposition of machined surface is lower. At higher speed and feed speed, the thermal load is more intensive but shorter, and thermal influence is only on surface.
In the Fig. 7 , there is shown the process of heating of cutting edge from minimum depth to maximum depth of cutting, where can be seen gradient of heating of cutting edge, ΔT = Tmax -Tmin, approximately 300°C. On the begin of cutting, there is cutting edge at temperature of Tmin 220°C, and subsequently it is heating by cutting process up to Tmax, approx. 520°C. This information is important for monitoring of tool wear or tool breakability. Values of maximum temperature of surface and subsurface are shown in Fig. 7 -8 . At low speed (50 m.min -1 ), temperature is 515°C. At medium cutting speed (75 m.min -1 ), there is temperature gradient on 220°C and it increases at higher cutting speeds. At cutting speed 100 m.min -1 the temperature gradient is up to 300°C on the cutting edge. This high temperature gradient between surface and subsurface, mainly at low speeds, is caused by low thermal conductivity of Inconel 718. It is well known, the high surface temperatures and gradients with high temperature can cause the change of surface integrity, such as microstructures changes, phase transformation, plastic deformation and high residual tensile stress. Bushley et al [23] observed the white layer when milling Inconel 718, phase transformation was mentioned by Liao et al [24] and residual stress when turning was analysed by Devillez et al [22] . As explained previously, the information obtained by semi-synthetic thermocouple is applicable for analyse of temperature distribution on cutting edge during the formation of a single chip (Fig. 6) . It is assumed that peaks of measured temperatures ( fig. 4, 5 6 ) correspond to the temperature of contact between cutting tool and workpiece and so they can be considered as temperature of cutting edge. These peak temperatures were measured by semi-syntethic thermocouple for various cutting depths ap and individual joins with main and auxiliary cutting edge ( fig. 4) , where can be identify temperatures from entry to exit in workpiece. From time-course of signal ( fig. 7-8) , it can create dependence of signal on length of contact of cutting tool with thermocouple and so obtain the heating cycle during the cutting process. It is not possible to determine the cooling cycle of cutting edge by semi-synthetic thermocouple. Ueda et al. [15] measured the temperature of cutting tool by two-color pyrometer in various angle of rotation of cutting tool and they expected linear decreasing of temperature of cutting tool during cooling, Sato et al [16] defined this cooling as exponencial decreasing. 
CONCLUSIONS
This work was focused on evaluation of temperature of cutting and temperature gradient in workpiece during peripheral milling of nickel alloy Inconel 718, widely used in aviation industry, in the manufacture of engines etc. There was developed new experimental method for examining the temperature over the entire length of contact of the cutting tool with machined material. There was evaluated temperature on machined surface and cutting edge. Determination of temperature at the tool and workpiece interface was possible by development of machinable semi-synthetic thermocouple. From measurements by this thermocouple, heating cycles of cutting edge was analysed during cutting process. There were examined the influences of cutting speed on temperature levels and temperature gradients. Main results are following: When machining of material with low thermal conductivity, such as Inconel 718, positions of measuring devices is very important. Thermocouple is placed nonparallel with direction of feed and records the temperature changes in dependence on cutting speed. This temperature changes are monitored on created surface by specially designed machinable thermocouple. High temperature gradient was observed from surface to subsurface, mainly at higher values of cutting speed. At cutting speed 100m.min -1 , temperature gradient was about 600°C. Low thermal diffusion of Inconel 718 contributes to this high temperature gradient. At cutting speed 50m.min -1 was measured minimal value of temperature gradient. This cutting speed seems optimal for dry machining of Inconel 718 by coated carbide cutting tool. Cutting edge of cutting insert is subjected to thermal shock at each revolution. Its intensity and frequency depends on cutting conditions. Temperature fluctuations reach 600°C at cutting speed 100m.min -1 and occur 25 times per second.
For dry machining of hard-to-machine materials, the temperature of cutting process is very important parameter for optimization of cutting conditions. It is necessary to measure as close as possible to the cutting zone and mentioned method can do it continuously along the entire length of the cutting edge. It is also important to know temperature gradients. Low level of temperature on cutting edge and low thermal shock decrease the phenomena of tool wear, and a low temperature gradient in the submachined layer reduces the risk of high tensile residual stresses.
